Among pathogenic environmental fungi, spores are thought to be infectious particles that germinate in the host to cause disease. The meningoencephalitis-causing yeast Cryptococcus neoformans is found ubiquitously in the environment and sporulates in response to nutrient limitation. While the yeast form has been studied extensively, relatively little is known about spore biogenesis, and spore germination has never been evaluated at the molecular level. Using genome transcript analysis of spores and molecular genetic approaches, we discovered that trehalose homeostasis plays a key role in regulating sporulation of C. neoformans, is required for full spore viability, and influences virulence. Specifically, we found that genes involved in trehalose metabolism, including a previously uncharacterized secreted trehalase (NTH2), are highly overrepresented in dormant spores. Deletion of the two predicted trehalases in the C. neoformans genome, NTH1 and NTH2, resulted in severe defects in spore production, a decrease in spore germination, and an increase in the production of alternative developmental structures. This shift in cell types suggests that trehalose levels modulate cell fate decisions during sexual development. We also discovered that deletion of the NTH2 trehalase results in hypervirulence in a murine model of infection. Taken together, these data show that the metabolic adaptations that allow this fungus to proliferate ubiquitously in the environment play unexpected roles in virulence in the mammalian host and highlight the complex interplay among the processes of metabolism, development, and pathogenesis.
A fundamental requirement for organisms to survive is the ability to adapt to changes in the availability of metabolic fuels. Metabolic acclimation enhances survival in a given environment or provides the capacity to exploit a new one. In response to nutrient limitation, organisms generally decrease their growth rates; however, when nutrients become severely limiting, many microbes undergo a transition from active growth to dormancy (1) . In some bacteria and fungi, this transition results in the development of a new cell type, the spore, and is coupled with structural and metabolic adaptations that allow spores to remain dormant and withstand severe environmental stresses (2) (3) (4) . Once spores encounter more favorable growth conditions, they undergo another transition (germination) to resume vegetative growth (5) .
For environmental human fungal pathogens, spores likely are infectious particles (6) (7) (8) (9) . The properties of spores that allow them to withstand harsh conditions and disperse throughout the environment (e.g., small size, tolerance for high temperatures, resistance to oxidative stress, etc.) also allow them to encounter hosts and initiate disease-causing infections. This is true of Cryptococcus neoformans, a human fungal pathogen for which both yeast and spore forms are plausible infectious particles (10) . C. neoformans spores are produced on aerial fruiting bodies (basidia), allowing for dispersal which, along with their resistance to external stresses and ability to cause disease in a murine model of infection, has led to the hypothesis that C. neoformans spores are natural infectious particles (11, 12) . C. neoformans infects people from environmental sources through a respiratory route in which the organism is inhaled and proliferates within the lung. In immunocompromised individuals, such as people with AIDS, this infection can disseminate to the central nervous system and cause meningoencephalitis (13) . C. neoformans spores, also known as basidiospores, are produced during sexual development that occurs in response to nutritional signals and involves the formation of several new cell types that reside in multicellular structures. While the morphological changes that occur during sexual development have been described, relatively little is known about the metabolic signals or molecular pathways that influence cell fate decisions and ultimately lead to the production of spores and their ability to germinate in new environments.
To begin to understand spore biogenesis and germination, we carried out an analysis of spore transcripts in both dormant spores and a germinating population of spores. Transcripts of genes important for trehalose metabolism were highly overrepresented in dormant spores, suggesting a role for the sugar trehalose in C. neoformans spore biology. Trehalose is a disaccharide of two ␣-linked glucose molecules (␣-1,1-glucose) that has been broadly linked to stress resistance and development in many organisms (14) (15) (16) (17) (18) . In several fungi, trehalose biosynthesis has been intimately linked to virulence, morphogenesis, and the production of viable spores. In the human pathogen Candida albicans, trehalose biosynthesis is required for resistance to oxidative stress, and trehalose metabolism has been linked to both stress resistance and the yeast-to-hypha transition, both of which are important for virulence. Trehalose synthesis mutants of C. albicans also show decreased virulence (19) (20) (21) (22) . Similarly, trehalose has well-established roles in both virulence and spore production in the filamentous fungal pathogen Aspergillus fumigatus, in which trehalose synthesis is important for general stress response and the production of robust, stress-resistant spores (23) . In contrast to other fungal pathogens, deletion of the trehalose biosynthesis genes in A. fumigatus, TPSA and TPSB, resulted in increased virulence in a murine model of invasive aspergillosis, likely caused by alterations in the cell wall, making mutant hyphae resistant to phagocytosis by macrophages (23) . Taken together, these findings reveal a complex and diverse role for trehalose metabolism in regulating the physiology of fungal pathogens.
In C. neoformans, disruption of either of the genes involved in trehalose synthesis (TPS1 or TPS2) results in severe defects in both sexual development and virulence, but the mechanisms by which trehalose controls these functions are not known (24) (25) (26) . Previously, a single trehalose-degrading enzyme, NTH1 (neutral trehalase 1), was studied, and surprisingly, deletion of this gene caused no observable phenotypes (25) . Through our gene expression analysis of spores, we discovered a second predicted trehalose-degrading enzyme that we have designated NTH2 (neutral trehalase 2) that was overrepresented within dormant spores.
The discovery of this trehalase allowed us to assemble a more complete picture of trehalose metabolism and the relationships between trehalose synthesis and breakdown during spore formation, dormancy, and germination. We found that trehalase mutants harbor defects in sexual development, including aberrant fruiting body (basidium) formation, a decrease in spore formation, and decreased spore viability. We also observed that aberrant basidium formation was accompanied by an increase in the production of apparent chlamydospores, a previously described alternate developmental cell type (26) , implicating trehalose as a signaling molecule in C. neoformans cell fate determination. Finally, we determined that the absence of NTH2 led to a significant increase in virulence in a murine model of infection, suggesting that the trehalose catabolic pathway is active in the mammalian host. Overall, our results indicate that trehalose metabolism is a core component of both sexual development and pathogenesis and underscore the importance of trehalose homeostasis in these diverse processes in C. neoformans.
MATERIALS AND METHODS
Strains and media. All strains used were of the serotype D background (Cryptococcus neoformans var. neoformans strains JEC20 [a] and JEC21 [␣]) (27) (Table 1 ). All were handled using standard techniques and media as described previously (28) . Sexual development assays were conducted on V8 agar medium, pH 7.0, at 22°C in the dark for 2 to 7 days.
Microscopy. All micrographs were created using an Axio Scope.A1 with long-working-distance objectives and an AxioVision MRM camera running AxioVision software.
RNA isolation and amplification. Spores were isolated by scraping sexually developing populations of cells from V8 agar and suspending them in 65% Percoll made isotonic with phosphate-buffered saline (PBS). Suspensions were subjected to centrifugation (10,000 ϫ g, 30 min, 4°C), and spores were collected from the bottom of the gradient and counted. An aliquot of 4 ϫ 10 8 spores was frozen in liquid N 2 to serve as the zero-time-point sample. The remaining spores (1.6 ϫ 10 9 ) were resuspended in 6 ml of liquid yeast extract-peptone-dextrose (YPD) and incubated at 30°C with shaking at 200 rpm. Samples were collected every 2 h for 10 h and frozen in liquid nitrogen. RNA was extracted from frozen spores using hot acid-phenol as described previously and was further purified using the RNeasy minikit (Qiagen, Valencia CA) (29) . RNA amplification was carried out using the MessageAmp II amplification kit (30) . Extracted data were analyzed using the GeneSpring 10.0 software package (Agilent Technologies, Santa Clara, CA). Data were normalized using the LOWESS (locally weighted scatter plotsmoothing) algorithm and assessed for statistical significance utilizing analysis of variance (ANOVA) (31) . A total of 2,512 genes meeting the criterion of P Ͻ 0.05 were considered statistically significant and used in further analyses (32) . Significant genes meeting a 2-fold-change threshold between any two time points (1,499) were clustered using Cluster 3.0. Clusters were assessed for KEGG database pathway and Gene Ontology (GO) term enrichment using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (33) (34) (35) .
Generation of deletion strains. Gene deletion constructs were created using fusion PCR (36) (oligo sequences are listed in Table 1 ). The NTH1 5= region was amplified with primers CHO1565 and CHO1566, and the 3= region was amplified with CHO1567 and CHO1568. The NAT R cassette was amplified with CHO1569 and CHO1570. PCR fusion using CHO1565 and CHO1568 was used to create the final nth1::NAT R deletion cassette. The NTH2 5= region was amplified with primers CHO2636 and CHO2637, and the 3= region was amplified with CHO2638 and CHO2639. The NEO R cassette was amplified with CHO2640 and CHO2641. PCR fusion using CHO2636 and CHO2639 was used to create the final nth2::NEO R deletion cassette. The nth1::NAT R and nth2::NEO R deletion cassettes were transformed into JEC20 and JEC21 by biolistic transformation, grown on medium containing 1 M sorbitol, and selected on medium containing 200 g/ml G418 or 200 g/ml nourseothricin (37) . Resulting colonies were screened using PCR for correct insertion of the knockout construct and assessed via Southern blotting for single integration of the construct to identify multiple independent knockouts (29) . Each mutant then was crossed with wild-type yeast to obtain knockout progeny in both mating types. The resulting F 1 progeny then were rescreened by PCR for the absence of the deleted gene to confirm the strain genotype. nth1⌬ nth2⌬ double mutants were constructed by backcrossing a nth2⌬ (CHY2082) with ␣ nth1⌬ (CHY1710), isolating and germinating spore progeny from this cross, and then replica plating these progeny onto solid medium containing both nourseothricin and G418. Double mutants then were rescreened by PCR to confirm the absence of NTH1 and NTH2 open reading frames (CHY2184). NTH1 and NTH2 transcript analysis. RNA was prepared from C. neoformans yeast or crosses as described previously (30) . Northern blots were conducted according to standard protocols using 10 g total RNA per sample. Probes were generated by PCR amplification utilizing the Ex Taq PCR system (TaKaRa Bio Inc.) and oligonucleotides CHO2979 and CHO2980 (NTH1), CHO2938 and CHO2939 (NTH2), and CHO1696 and CHO1697 (GPD1). Probes were radiolabeled using Ready-To-Go DNA labeling beads (GE Healthcare Life Sciences, Piscataway, NJ) according to the manufacturer's instructions and hybridized to blots at 65°C as described previously (38) . Blots were exposed to a phosphor screen and imaged with a Molecular Dynamics Storm 860 phosphorimager (GE, Amersham).
Quantification of trehalose. Trehalose was quantified in C. neoformans crosses using a colorimetric enzyme-linked assay previously used in S. cerevisiae (39) . Crosses were spotted on V8 for 5 days, harvested into 100 mM sodium citrate, pH 5.7, and boiled for 10 min. The resulting suspensions were lysed using sonication on a 30% duty cycle at level 2 for 5 min, and lysis was confirmed microscopically. Insoluble cell debris was pelleted and discarded. Lysates (100 l) were treated with 1 U of porcine kidney trehalase (Sigma-Aldrich) for 4 h at 37°C. Glucose produced was quantified using a glucose assay kit (Sigma-Aldrich) according to the manufacturer's instructions. Values of absorbance at 540 nm for lysates were compared to a standard curve of glucose and normalized to the starting mass of the cell pellet. Calculated trehalose levels were subjected to one-way ANOVA comparing each sample to an a ϫ ␣ cross.
Phenotype testing. A battery of common phenotypes was assessed, including melanin production, capsule production, growth at 37°C, and cell wall integrity. In each case, wild-type, nth1⌬, nth2⌬, and nth1⌬ nth2⌬ strains were evaluated. For melanin production, we grew cells on L-3,4-dihydroxyphenylalanine (L-DOPA) agar at 37°C for 3 days and visually assessed the production of pigment. For capsule production, we cultured strains in Dulbecco's modified eagle medium (DMEM) with 5% fetal calf serum at 37°C in 5% CO 2 (40) for 2 days and then stained them with India ink and assessed them microscopically (41) . For growth at 37°C, we spotted serial dilutions of cells onto YPD agar, incubated them at 37°C for 2 days, and assessed them visually (25) . For cell wall integrity, we spotted serial dilutions of cells onto medium containing calcofluor white MR2, sodium dodecyl sulfate, or caffeine and grew them for 2 days at 37°C (42) . For resistance to heat shock, we grew cells on V8 agar, pH 7.0, at 25°C for 2 days; suspended them in PBS; incubated them at 42°C and 50°C for 5-, 10-, 15-, and 30-min intervals; diluted them; and plated them onto YPD for 3 days at 30°C (3). For resistance to oxidative stress, we spread 1 ϫ 10 6 yeast onto a 100-mm-diameter V8 agar plate with a 6-mm disc of Whatman paper containing 10 l 10% H 2 O 2 in the center and incubated them at 30°C for 3 days (43). Germination frequencies were determined by carrying out crosses on V8 for 5 days and isolating spores. Spores were counted, plated onto rich medium, and allowed to germinate and grow at 30°C for 3 days. Germination frequencies were determined by dividing the number of colonies formed by the number of spores plated. Three replicates were performed for each strain, and the mean results for each strain were compared to those of the wild type using a Student t test.
Virulence analysis. Strain virulence was assayed using a murine intravenous model of infection (44) . Wild-type ␣, ␣ nth1⌬, ␣ nth2⌬, and ␣ nth1⌬ nth2⌬ yeast were grown to mid-log phase and washed three times in PBS. Five female BALB/c mice were inoculated via tail vein with 1 ϫ 10 6 yeast of each strain. Only the yeast cell type was used to infect the mice, because we could not recover sufficient numbers of mutant spores to carry out spore-mediated infections. The mice were observed daily for rapid weight loss or signs of pain, at which point moribund mice were euthanized as described previously (12) . The resulting survival times were plotted on a Kaplan-Meier plot, and median survival times of mice were analyzed using a Wilcoxon rank-sum test. This experiment was carried out twice with independently derived mutant strains, and the results were identical between experiments. The animal studies were reviewed and protocol approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee (protocol A01506). The University of Wisconsin-Madison is AAALAC accredited, and the facilities meet and adhere to the standards in the Guide for the Care and Use of Laboratory Animals (59) .
Microarray data accession number. The full data set determined in the course of this work has been deposited in the NCBI Gene Expression Omnibus database (GEO) and can be accessed through GEO accession number GSE53912 (45) .
RESULTS
Trehalose metabolism genes are overrepresented in dormant spores. To determine changes in gene expression that occur during spore germination into yeast, total RNA was isolated from spores undergoing synchronous germination for whole-genome transcript analysis. Transcripts were competitively hybridized to a whole-genome microarray, and the resulting changes in transcript levels were assessed. Coexpressed groups of genes were submitted to DAVID to assess functional groups and to the KEGG database to determine placement within pathways.
One of the most enriched pathways within dormant spores was the KEGG annotated pathway for starch and sucrose metabolism. Transcripts of 14 genes in this pathway showed a pattern of regulation in which their transcripts were overrepresented in dormant spores and became rapidly underrepresented during the first 2 h of germination (Fig. 1A) . Some spore-enriched genes that fall into this metabolic pathway have been implicated previously in sporeor germination-specific functions in other systems: SGA1, which is highly similar to a spore-specific glucoamylase in S. cerevisiae, is responsible for glycogen degradation during sporulation; SPR1 is a sporulation-specific exo-␤-1,3-glucan hydrolase in S. cerevisiae; and CELA is a germination-specific spore coat-modifying enzyme from the spore-forming amoeba Dictyostelium discoideum (46) (47) (48) . Detection of these transcripts suggests that their roles are conserved across phyla. In addition, nine of the spore-enriched transcripts in this pathway are involved directly in the biosynthesis and breakdown of trehalose or glycogen (Fig. 1A and B) .
Among these genes was CNG00690, predicted to encode a trehalose-degrading enzyme. The presence of CNG00690 was unexpected, because previous analyses of trehalose synthesis and degradation in C. neoformans had not identified this gene (24, 25) . Trehalose biosynthesis genes had been shown to be critical for both the initiation of sexual development (TPS1) and virulence in animal models (TPS1 and TPS2), but deletion of the only known neutral trehalase, NTH1, yielded only a modest decrease in growth on trehalose and no discernible phenotypes in sexual development or virulence (24) . This finding was somewhat surprising, because many fungi harbor more than one trehalase gene, and their products often play key roles in fungal metabolism (49) (50) (51) . Our discovery of the enrichment of the CNG00690 transcript in dormant spores led us to hypothesize that this gene (which we have named NTH2, for neutral trehalase 2) could encode an uncharacterized trehalase with specialized functions in sexual development and/or spore biology.
The presence of NTH2 is consistent with the fact that fungi often harbor both cytosolic and secreted trehalases with characteristic features: cytosolic trehalases usually contain a calcium binding domain and a single trehalase domain, while secreted trehalases harbor a secretion signal and two trehalase domains (52, 53) . Through their predicted functional domains and features, NTH1 and NTH2 appear to be the only two genes encoding trehalase activity in the C. neoformans genome; NTH1 is a predicted cytosolic trehalase, and NTH2 is a predicted secreted trehalase (Fig. 1C) . The presence of NTH2 may account for the lack of phenotypes in NTH1 deletion strains in previous studies and opens the possibility that the degradation of trehalose plays key roles in C. neoformans biology.
NTH1 and NTH2 are differentially regulated under sexual development conditions. To determine the expression profiles of NTH1 and NTH2 under different conditions, we carried out RNA blot hybridization using RNA from wild-type strains grown in rich medium (YPD broth, mid-log phase), from a cross (a ϫ ␣ on V8, pH 7.0, for 72 h), and from purified spores. As suspected based on previous reports, NTH1 transcript was abundant in cells grown in rich medium, cross conditions, and in spores, suggesting that this trehalase is expressed constitutively (25) . In contrast, expression of NTH2 was differentially regulated. While NTH2 transcript was abundant in both crosses and purified spores, none was detected from cells grown in rich medium ( Fig. 2A) . To determine the extent to which NTH2 expression was dependent on signals from V8 agar medium versus the process of sexual development, we analyzed RNA from yeast propagated on V8 agar in the absence or presence of a mating partner for 48 h. NTH2 transcript levels increased on V8 medium both in the absence and presence of a mating partner. This finding indicates that NTH2 is induced largely by V8 medium alone (the same condition that promotes sexual development) (Fig. 2B) . In contrast to the constitutive expression of NTH1, NTH2 expression is responsive to changes in metabolic conditions. NTH1 and NTH2 are required for trehalose metabolism. To determine the functions of NTH1 and NTH2, we created single and double deletion strains and evaluated them for discernible phenotypes, including the ability to use trehalose as a sole carbon source. Wild-type and mutant strains (nth1⌬, nth2⌬, and nth1⌬ nth2⌬) were grown on solid synthetic medium containing 2% glucose or 2% trehalose as the sole carbon source (Fig. 3A) . The wild-type strain and all of the trehalase deletion strains (nth1⌬, nth2⌬, and nth1⌬ nth2⌬) grew similarly on medium containing glucose. However, on medium containing trehalose as the sole carbon source, nth1⌬ strains grew more slowly and to a lower density than wild-type strains, nth2⌬ strains showed no difference in growth compared to the wild type, and nth1⌬ nth2⌬ double mutants showed severe growth defects with little or no growth on trehalose-containing medium. Together with the observation that NTH1 and NTH2 contain the only identifiable trehalase domains in the C. neoformans genome, these results indicate that both NTH1 and NTH2 encode functional trehalases and provide compelling evidence that these are the only trehalases in C. neoformans. Furthermore, given that NTH2 can partially compensate for the loss of NTH1, these trehalases harbor overlapping (redundant) functions in trehalose catabolism in vegetatively growing cells.
Given this relationship during vegetative growth, we hypothesized that the contributions of NTH1 and NTH2 during sexual development also would be at least partially redundant. In the absence of NTH1 and NTH2, we predicted that trehalose would accumulate and that this accumulation would be additive in the double mutant. To test this hypothesis, trehalose levels were quantified from wild-type and mutant crosses after 5 days on V8 medium. In contrast to our expectations, we observed that deletion of NTH1 and NTH2 had opposing effects on trehalose accumulation: nth1⌬ crosses accumulated significantly more trehalose than wild-type crosses, whereas nth2⌬ crosses harbored significantly less trehalose than the wild type (P Ͻ 0.05 in both cases). The double mutant crosses (nth1⌬ nth2⌬) produced levels of trehalose similar to those of the wild type (Fig. 3B) . These data indicate a complex relationship between NTH1 and NTH2 in trehalose homeostasis during development that may be due (at least in part) to the predicted differences in localization between Nth1 and Nth2 (Nth1 cytoplasmic and Nth2 secreted). The levels of intracellular trehalose and glucose likely are influenced by both external and internal sources, and the activities of Nth1 and Nth2 on different pools of trehalose could have significant effects on the outcome of overall trehalose levels. It also is possible that differences in the localization of trehalase activity among specific cell types (e.g., yeast versus basidia) that control local trehalose levels were not detected using this assay due to homogenization of trehalose levels across the entire population of developing cells (yeast, filaments, basidia, and spores).
Deletion of NTH1 and NTH2 leads to a defect in sporulation. To investigate the roles of trehalases in sexual development, nth1⌬, nth2⌬, and nth1⌬ nth2⌬ mutant strains were crossed with wild-type strains and with each other under sexual development conditions. Crosses between wild-type strains and all of the mutants (nth1⌬, nth2⌬, and nth1⌬ nth2⌬) were indistinguishable from wild-type a ϫ ␣ crosses, as were nth1⌬ ϫ nth1⌬ and nth2⌬ ϫ nth2⌬ crosses (Fig. 4) . In stark contrast, however, crosses between nth1⌬ nth2⌬ mutants (nth1⌬ nth2⌬ ϫ nth1⌬ nth2⌬) led to severe defects in spore formation, indicating that both genes have redundant functions in this process.
At low microscopic resolution, nth1⌬ nth2⌬ ϫ nth1⌬ nth2⌬ crosses were observed to be similar to wild-type crosses, with abundant filaments radiating from the periphery of cells undergoing sexual development (Fig. 4A) . However, under careful examination at higher magnification, it was clear that the majority of basidia in nth1⌬ nth2⌬ crosses did not develop spore chains, and strikingly, these sporeless basidia appeared extremely enlarged compared to wild-type basidia (Fig. 4B) . In addition, nth1⌬ nth2⌬ crosses exhibited the production of an unusually high number of large, ball-like structures, giving the developing filaments a beadson-a-string appearance (Fig. 4C) . Structures like these have been described previously and referred to as chlamydospores (26) . The purpose of this cell type is poorly understood; however, they have been observed to be metabolically active, to harbor glycogen, and to be capable of budding off new yeast. It has been hypothesized that C. neoformans chlamydospores offer an alternative fate for sexually developing cells and a means of producing new satellite colonies independent of sporulation (26) . The structures produced in abundance by nth1⌬ nth2⌬ crosses also were capable of budding off yeast, were found to harbor glycogen via iodine staining (data not shown), and were morphologically indistinguishable from the previous description of chlamydospores. These features led us to conclude that the nth1⌬ nth2⌬ structures very likely were the same type of cells designated previously as chlamydospores in C. neoformans (26) . Given the phenotypes of nth1⌬ nth2⌬ mutant strains, we posit that the ratio of trehalose to glucose in basidia is a determinant of cell fate. The cleavage of trehalose by NTH1 and NTH2 drives spore formation, whereas the accumulation of trehalose in the nth1⌬ nth2⌬ strain shifts the developmental path, resulting in a marked increase in alternative cell type (chlamydospore) production.
Spores harboring trehalase deletions show defects in germination. Given the enrichment of NTH2 transcripts in spores and the importance of trehalase function in sporulation, we hypothesized that trehalases also are important for germination. Despite the observation that nth1⌬ nth2⌬ ϫ nth1⌬ nth2⌬ crosses show a marked decrease in spore numbers, these crosses still produced a limited number of spores that were morphologically indistinguishable from wild-type spores by light microscopy (data not shown). To test whether spores from trehalase-deficient crosses were viable, spores were isolated from wild-type, nth1⌬, nth2⌬, and nth1⌬ nth2⌬ crosses, counted, and grown on rich medium. As expected, nearly 100% of wild-type spores germinated and grew into colonies (Fig. 5) . Similarly, spores from nth1⌬ and nth2⌬ crosses also germinated at wild-type frequencies. In contrast, however, spores from nth1⌬ nth2⌬ crosses showed significant decreases in germination frequency, with only 33% of spores forming colonies (Fig. 5) . These data indicate that nth1⌬ nth2⌬ crosses not only lead to aberrant basidium formation and a decrease in spore formation but also result in substantial numbers of spores that are unable to grow in response to germination conditions. These findings again indicate overlapping functions of NTH1 and NTH2.
The nth2⌬ deletion strain is hypervirulent in a mouse model of cryptococcosis. To evaluate the roles of trehalase function in pathogenesis, we assessed the virulence of the trehalase mutant strains in a mouse tail vein model of infection. It had been shown previously that deletion of NTH1 alone had no effect on virulence (25) . This result was initially surprising because of the predicted important roles for trehalose in stress tolerance and the apparent absence of other trehalases in the genome (17) . However, our identification of NTH2, and the obviously redundant roles of these genes described above, raised the possibility that deletion of -type a, wild-type ␣, a nth1⌬, ␣ nth1⌬, a nth2⌬, ␣ nth2⌬, a nth1⌬nth2⌬, and ␣ nth1⌬nth2⌬ strains (left) were struck onto synthetic defined media containing either 2% glucose (middle) or 2% trehalose (right) as a sole carbon source and grown for 2 days at 30°C. (B) Trehalose was quantified in wild-type and mutant crosses after 5 days on V8, pH 7.0. Mean trehalose values from three biological replicates were compared using one-way ANOVA statistics, and those crosses that differed significantly (P Ͻ 0.05) from the wild type (a ϫ ␣) are marked with an asterisk.
NTH1 resulted in no phenotype due to the presence of NTH2-derived trehalase activity (Fig. 3A) .
Wild-type, nth1⌬, nth2⌬, or nth1⌬ nth2⌬ strains were inoculated into mice via tail vein at 1 ϫ 10 6 yeast cells/mouse. As expected, the effects of wild-type and nth1⌬ strains were indistinguishable from one another, causing mean times to death of 34 and 35 days, respectively (Fig. 6) . In contrast, however, the nth2⌬ and nth1⌬ nth2⌬ strains both caused morbidity in mice significantly faster (P Ͻ 0.05) (average time to death of 27 and 28 days, respectively) than wild-type and nth1⌬ strains, indicating increased virulence in the absence of NTH2. This result is consistent with the previous findings that strains harboring deletions of the trehalose biosynthesis genes TPS1 and TPS2 are less virulent. It seems likely that deletion of the biosynthesis genes would decrease the abundance of trehalose, while deletion of the NTH2 trehalase would increase overall abundance. Together, these results support the hypothesis that the level of trehalose, which has been linked to environmental stress resistance in other organisms, is important for survival against stressors in the host as well.
To test this hypothesis, we evaluated the ability of the strains to resist heat shock (at temperatures of 37°C, 42°C, and 50°C) and survive exposure to reactive oxygen species (in an H 2 O 2 disk diffusion assay). We also tested capsule-inducing conditions (RPMI with 5% CO 2 at 37°C), melanizing medium (L-DOPA agar), and cell wall stressing agents (1.5 mg/ml calcofluor white and 0.5 mg/ml caffeine) (54) . In no case did the nth1⌬, nth2⌬, or nth1⌬ nth2⌬ mutant strains respond differently than the wild-type strain (data not shown). The trehalase mutants were not intrinsically more resistant to global stressors than their wild-type counterparts, suggesting that changes in trehalose levels alone were not responsible for the hypervirulence of nth2⌬ strains.
A surprising aspect of the virulence data was that the functions of NTH1 and NTH2 were not overlapping. In the absence of NTH2 alone, there was a hypervirulence phenotype, indicating that NTH1 was not compensating for the loss of NTH2 activity. Furthermore, there was no change in the phenotype in the absence of both NTH1 and NTH2. While the NTH1 and NTH2 activities were largely redundant outside the host, it appeared that their functions diverge within the host, implicating an NTH2-specific function or feature in modulating virulence.
DISCUSSION
Using transcriptional profiling, we discovered that spores of the human fungal pathogen C. neoformans contain high levels of transcripts associated with the synthesis and breakdown of the disaccharide trehalose, including a previously unrecognized trehalase, NTH2. Through molecular and genetic analyses, we revealed that NTH2 and a previously characterized trehalase, NTH1, are fully responsible for trehalose utilization in C. neoformans and have largely overlapping trehalase functions, even though Nth1 is predicted to be cytosolic and Nth2 secreted. Significantly, we show for the first time that trehalose degradation is a key function in C. neoformans that is important for fruiting body formation, spore biogenesis, and germination. Trehalases play a critical role in signaling cell fate decisions. In the absence of trehalases, very few spores are produced during sexual development; instead, development shifts to the formation of chlamydospores. The phenotypes of NTH1 and NTH2 diverge in a mouse model of infection where the deletion of NTH2 results in hypervirulence. Trehalose homeostasis determines cell fate during sexual development. Trehalose has been shown to play two primary roles within microbes. First, trehalose is a reserve carbohydrate that can be accumulated and cleaved into two glucose molecules when external carbon sources are scarce, and second, trehalose acts as an osmostabilizer and stress protectant (17) . In C. neoformans, trehalose biosynthesis is required for initiating sexual development, but roles for trehalose degradation in sexual development have not been documented in any system (23, 55) . Our data now bring the full trehalose pathway to light and show that trehalose degradation influences many aspects of C. neoformans biology and is critical for complete sexual development. Notably, in the absence of trehalase genes, development shifts from the formation of fruiting bodies and spores to the formation of what appears to be an alternative cell type known as chlamydospores (26) . While little is known about the properties of chlamydospores in C. neoformans, they have been postulated to be structures from which yeast can bud off and establish new colonies (26) . Lin and Heitman propose that nutrient sensing through the accumulation of carbohydrate storage molecules, particularly glycogen, drives cell fate decisions between chlamydospore formation and sporulation. However, glycogen biosynthesis genes, whose transcripts are also highly enriched in spores, are dispensable for both chlamydospore formation and sporulation (26) , implicating signaling roles for other carbohydrates. Our findings indicate that trehalose functions as a metabolic signal for determining whether filamentous growth should be terminated with spore production or whether conditions are sufficiently favorable to continue proliferating (via chlamydospores) and return to vegetative growth.
Based on these findings, we propose a model in which trehalose levels are a readout for glucose availability (refer to Fig. 1B ). In this model, as glucose becomes limiting, sexual development can initiate, and spore formation is favored; trehalose levels remain low because of limited substrates for its production, indicating the metabolic need to differentiate into spores. Spores are the terminal consequence of development under these conditions; thus, the current colony is abandoned by dispersed spores for growth in a more favorable environment elsewhere. However, if nutrient stores are replenished at any point during filamentation, trehalose levels rise (as glucose-derived substrates become plentiful), indicating a change in nutrient availability, and normal growth and colony expansion can be restored through chlamydospore production.
This model is consistent with the seemingly paradoxical result wild type and nth1⌬, nth2⌬, and nth1⌬ nth2⌬ crosses were isolated, counted, and cultured on rich medium for 3 days at 30°C. The x axis represents the genotype of spores. The y axis represents the percentage of spores plated that produced a colony. Resulting mean germination frequencies from three independent biological replicates were compared using ANOVA, with only nth1⌬ nth2⌬ spores having a significant reduction (P Ͻ 0.05) in germination.
FIG 6
Strains harboring nth2⌬ are hypervirulent in mice. The x axis shows time, in days, after tail vein infection with 1 ϫ 10 6 ␣ wild-type (diamonds), ␣ nth1⌬ (squares), ␣ nth2⌬ (triangles), or ␣ nth1⌬ nth2⌬ (cross hatches) yeast. The y axis shows percent survival of five BALB/c mice per strain. The difference in average time to death between nth2⌬ and nth1⌬ nth2⌬ strains versus wildtype and nth1⌬ strains is 7 days and is both statistically significant (P Ͻ 0.05 by Wilcoxon rank-sum test) and reproducible between experiments.
that deletion of trehalose synthase (TPS1) and deletion of the trehalases (NTH1 and NTH2) both result in severe defects in sporulation. In both cases the substrates derived from glucose to make trehalose (i.e., glucose-6-phosphate and UDP-glucose) are not used (as in tps1⌬) or needed (as in nth1⌬ nth2⌬), resulting in a change in metabolic flux toward carbohydrate storage as glycogen. Given that chlamydospores are hypothesized carbohydrate storage structures, a shift toward glycogen storage could result in a shift in development. In this way, trehalose concentration acts as a sensor of metabolic conditions to toggle between two different developmental pathways, controlling a critical cell fate decision by playing a novel signaling role rather than simply functioning only as a fuel source or osmoprotectant. This is akin to the role of trehalose signaling in plants that serves to regulate development and plant physiology. However, plants do not accumulate trehalose to the high levels typical of fungi; thus, the contribution of trehalose metabolism to signaling versus stress responses and nutrition is not well understood in plants. The increased development of chlamydospores in trehalase-deficient C. neoformans may serve as a platform to dissect the different contributions of trehalose metabolism to the physiology of fungal pathogens.
Metabolic adaptation, differentiation, and consequences for virulence. In this work, we discovered that trehalose degradation affects spore germination, which is critical for the long-term survival of the organism in both the natural environment and a host lung. In the absence of NTH1 and NTH2, spore germination drops 3-fold, suggesting that trehalase function is important for stabilizing dormant spores, cleaving trehalose into glucose for fuel during germination, or both. The fact that both rich medium conditions and the mammalian lung are germination inducing (3, 11, 12) underscores a characteristic feature of C. neoformans, namely, the ability to survive and grow in rapidly changing environmental conditions. The tissues of a mammalian host are an unusual environment for C. neoformans to inhabit; thus, the ability to respond to these conditions likely is shaped by the selection pressures of its typical environmental niches (56, 57) . The advantages potentially conferred by this relationship have been proposed to explain many of the survival behaviors exhibited by C. neoformans in the host. For example, Steenbergen et al. posit that the unusual ability of C. neoformans to survive and grow within macrophages results from adaptive strategies developed in the natural environment in response to soil amoeba (58) .
In the same vein, it would seem likely that adaptations to efficiently access internal stores of energy (e.g., trehalase activity to cleave accumulated trehalose) and scavenge trehalose from the environment would enhance survival in the host. Surprisingly, however, we discovered that an nth2⌬ strain is hypervirulent in a mouse model of infection, indicating a negative correlation between trehalase function and virulence in the mouse host. That is, the presence of an intact trehalose-degrading pathway confers a disadvantage in disease-causing ability. One possible explanation for this finding lies in the fact that Nth2 is predicted to be secreted. Perhaps Nth2 is an antigen that can be recognized by the adaptive immune system, allowing the host immune response more opportunity to inhibit C. neoformans growth.
Altering trehalose metabolism in other fungal pathogens has been shown to both positively and negatively affect virulence in murine models of infection. Broadly, trehalose accumulation has been associated with increased stress resistance that typically results in increased infectivity or virulence (17) . However, changes in trehalose accumulation can result in changes in cell wall structure and morphogenesis that also may affect the ability of fungal pathogens to cause disease (20, 21, 23) . There may be changes that occur in trehalase-deficient C. neoformans yeast inside a mammalian host, such as cell wall polysaccharide composition or titan cell formation (enlarged yeast cells associated with virulence), that can be elucidated in future studies of the interaction of trehalase-deficient C. neoformans and the host.
Intersections among sexual development, metabolism, and pathogenesis. Spores, as infectious particles, form an obvious connection between the processes of sexual development and mammalian pathogenesis, but the full relationship is more complex. In this work, we reveal a link between the processes of spore production and virulence in a mammalian host through the actions of trehalose-degrading enzymes. This unexpected connection underscores the emerging relationships between sexual development and virulence among human fungal pathogens in general and the role of metabolic acclimation in C. neoformans in particular. Responses in C. neoformans to the extreme conditions between the natural environment and human host are of particular interest, because understanding metabolic adaptations promises to reveal pathways that influence pathogenesis.
The importance of these relationships is underscored by recent studies of C. neoformans morphology in which filamentous growth of C. neoformans results in a loss of virulence in mice, implying that yeast morphology plays a role in pathogenesis. A coincident possibility, however, is that morphology is secondary to changes in metabolic gene expression between yeast responding to environmental signals (such as those that initiate developmental changes) and yeast responding to host conditions. The resulting metabolic acclimation results in both positive and negative effects on pathogen survival in the host and could help to explain differences in virulence properties observed between clinical and environmental isolates. One possibility is that gene expression patterns that would normally be advantageous in an environmental niche but disadvantageous within a host are modified, making the host a selective environment for cells that have the capacity to rapidly modulate expression of metabolic or stress response pathways. Discovering these pathways provides another route to understanding how host resources are enhanced to prevent fungal infection and/or disease.
